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The Penobscot River Restoration Project was a large river rehabilitation project,
culminating in the removal of the two lowermost dams (Veazie and Great Works) and
improvements to fish passage on several remaining dams. Fish assemblages were surveyed for 3
years prior to rehabilitation, 3 years after, and now 8 years post-rehabilitation. Approximately
475 km of shoreline was sampled via boat electrofishing, yielding 133,394 individual fish of 41
species. The greatest shifts in assemblage structure occurred immediately after dam removal in
formerly impounded sections, with increased prevalence of riverine and migratory species.
Extended sampling documented several additional changes occurring within lower tributaries
and tidally influenced river segments. Large schools of adult and young of the year alosines
have increased in abundance upstream of the lowermost dam site although this area remains
dominated by lacustrine species. Adult anadromous fishes continue to be in greatest abundance
immediately below the Milford Dam. Our results provide continued evidence that dam removal
results in fish assemblages dominated by riverine and anadromous species in previously

impounded habitats, while upgraded fish passage has partially reconnected migratory species
with historic habitat.
While two new species were detected during the extended sampling effort, we observed
an overall increase in the frequency of occurrence and spatial distribution of White Catfish
(Ameiurus catus) within the lower portion of the Penobscot River. White Catfish have declined
in their native range due to competition with introduced ictalurid catfish. Outside their native
range, however, these fish have expanded their range northward along the Atlantic coast. White
Catfish did not exist in Maine until recently. An introduction has allowed this species to establish
in several coastal rivers in the state including the lower Penobscot River downstream of Milford
Dam. Upstream access was gained following the two dam removals. Incorporation of a fish
elevator at the third, Milford Dam, provides additional upstream access. Long-term boat
electrofishing surveys revealed increases in the encounter rate for White Catfish (26%)
coinciding with declines (45%) in the native Brown Bullhead, Ameiurus nebulosus. White
Catfish are now poised to expand into habitat upstream of the dam.
Electrofishing and baited trotline surveys demonstrated that the species is abundant
within the tidally influenced freshwater, with one individual detected upstream of the Milford
Dam. We compared age and growth via otoliths using fish captured at the Milford Dam and from
the tidal reaches of river. Estimated growth parameters were consistent with populations from
other Atlantic coastal rivers. Otolith cross sections were then analyzed for strontium and barium
(Sr and Ba) using LA-ICP-MS to infer movements between fresh water and elevated salinities.
We observed no notable changes of Sr or Ba, suggesting no discernable movements into elevated
salinities. Together, these data suggest these fish have been established in the lower river, out

competing brown bullhead where they co-occur and will likely continue impact the ecology of
the upper Penobscot River as they continue to become establish
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CHAPTER 1: EXTENDED FISH ASSEMBLAGE RESPONSE FOLLOWING DAM
REMOVAL AND INCREASED CONNECTIVITY IN THE PENOBSCOT RIVER,
MAINE
1.1 Introduction
Rivers have been an integral component for the success of civilizations as they provide a
source of water, sustenance, transportation, and power generation (Roy et al., 2018). Human
reliance on river systems remains evident in the landscape today, through damming for both
flood control and hydroelectric power generation. In the United States, there is estimated to be
greater than 91,000 dams, 7% of which are used for hydroelectric power generation (National
Inventory of Dams 2021). In Maine, there are 581 active dams with 39% used for hydroelectric
power generation. The average age of dams in Maine is 104 years old – twice the national
average (National Inventory of Dams 2021). As these structures continue to age, unique
opportunities to remove these dams and reconnect watersheds may arise, potentially representing
a tradeoff between societal benefits and environmental costs (Song et al., 2020).
Dams and the impoundments they create fundamentally alter biophysical processes
within rivers by disrupting flow, temperature, sediment transport, and overall connectivity (Petts
et al., 2006; Poff et al., 1997). Dams often reduce the quality of habitat for native riverine fishes
(García et al., 2011; Santucci et al., 2005) and favor the establishment of non-native slow water
generalist fishes (Han et al., 2008). In coastal rivers, dams disrupt migration for diadromous (searun) fishes that require freshwater to complete their complex life cycles. Many of these species
have experienced substantial population declines and now persist at diminished levels due to
dams and other threats (Greene et al., 2009; Limburg & Waldman, 2009; Waldman & Quinn,
2022). Dams and other barriers may directly influence survival for downstream migrants
1

(Mensinger et al., 2021; Molina-Moctezuma et al., 2021a), delay upstream migrants (CastroSantos and Letcher 2010; Rubenstein et al., submitted), and restrict access to historical spawning
habitat (Opperman et al., 2011). In addition, they provide refugia for introduced piscivorous
species (Kiraly et al., 2014a), promoting predation on riverine and diadromous species that pass
through impounded areas.
Within Maine, diadromous fishes have suffered substantial population declines (Saunders
et al., 2006) due to the loss of accessible habitat (Trinko Lake et al., 2012). In an effort to
rehabilitate these fish populations, the Penobscot River Restoration Project (PRRP) was
undertaken representing a multi-million dollar collaborative effort with the goal of diadromous
fisheries restoration through dam removal, while mitigating the loss of hydropower production
(see Opperman et al., 2011). Beginning in 2012, the Great Works Dam was removed, followed
by the removal of the Veazie Dam in 2013, opening roughly 15 km of main-stem river access
(Figure 1.1). In addition to dam removals, a fish lift was incorporated into the Milford Dam
(lower most remaining dam) to increase upstream passage for migratory fishes. In 2016, the
Howland Bypass, a nature like fishway, was constructed at the Howland Dam which allowed for
passage to the Piscataquis River, a major tributary to the Penobscot without changing the
impoundment.
Counts of returning sea-run fish were recorded from 1978 to 2013 at the lower most dam
(Veazie Dam) on the Penobscot River and have since been recorded at the Milford Dam fish lift
beginning in 2014 following restoration efforts. Eight of the twelve diadromous fishes native to
the Penobscot River have used the new lift at the Milford Dam to pass upriver since its
construction. Of these diadromous fishes, alosines have responded the most positively as a result
of dam removal and upgraded fish passage (in conjunction with in basin and out of basin

2

translocation programs). River herring (Alewife, Alosa pseudoharengus and Blueback Herring,
Alosa aestivalis) annual counts prior to fish passage upgrades averaged 556 (range: 0:12,708)
fish returning annually from 1978-2012. Counts for river herring exceeded 180,000 the first year
after dam removal (2014) and within 4 years (2018) counts reached 2.3 million fish (Jason
Valliere, Maine Dept. of Marine Resources, pers. Comm.).
In addition to river herring, American Shad, Alosa sapidissima and Sea Lamprey,
Petromyzon marinus counts have increased since dam removals and upgraded fish passage. Prior
to restoration efforts, Sea Lamprey peaked at 2,125 individuals while American Shad peaked at 7
individuals. Counts in the most recent year (2021) reached 6,647 and 11,363 individual fish
respectively. While the abundance of several of anadromous species have generally increased,
Atlantic Salmon, Salmo salar continue to persist at low abundance (less than 2,000 individuals
annually) since restoration efforts.
To assess how fish assemblages have responded to restoration efforts, a biomonitoring
approach was taken using both pre (2010-2012) and post (2014-2016) dam removal data (Kiraly
et al., 2014a; Watson et al., 2018). Pre dam removal fish assemblage data indicated that dams
and their impoundments presented distinct fish assemblages, with most migratory fishes being
restricted below the Veazie Dam (Kiraly et al., 2014a). Immediately following dam removal,
shifts in fish assemblages occurred in newly free flowing reaches with slow water generalist
fishes declining in abundance while anadromous fishes began to occupy reconnected reaches
(Watson et al., 2018).
The long-term effects from large scale dam removal are poorly studied (Griffith &
McManus, 2020) with only 5% of 139 dam removal studies in the US documenting responses
greater than five years (Ryan Bellmore et al. 2017). Although major biophysical response can be
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observed immediately following dam removal, significant changes may be revealed on a longer
time frame ( >5 years; Quinn and Kwak 2003; Kruk et al. 2016). For this study, we specifically
focus on comparing surveys completed both before and immediately following dam removal
with those completed later (> 5 years after removal) to describe the long-term implications of
this restoration approach on resident and diadromous fish assemblages.

1.2 Methods
1.2.1 Study Area
The Penobscot River Watershed is the largest watershed in Maine with over 8,800 km of
riverine habitat within a 22,455 km2 watershed (Opperman et al., 2011). This river system is
fragmented by over 125 dams, with 6 major dams present on the main-stem river within 100 km
of the confluence with the Gulf of Maine (Maine IFW, 2020). Prior to restoration efforts, fish
passage was focused on Atlantic Salmon whereas appropriate passage measures for alosines
were not available (Grote et al., 2014). As a result, most diadromous fishes were restricted to the
lower 50 km of riverine habitat. Following dam removals, a total of 15 km of riverine habitat
was reconnected and upgraded fish passage allowed for additional 465 km of potential upstream
access.
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Figure 1. 1 The Penobscot River Watershed with both upper and lower tributary fixed sampling
transect locations (left), fixed main stem Penobscot River sampling locations along with
stratified river sections (right). Current and former dam locations within study area are marked
with solid black rectangle (current) or dashed rectangle (removed).

Sampling Design
1.2.2 Fixed Site Design
Sampling designs were established prior to dam removals (Kiraly et al., 2014a; Kiraly et
al., 2014b) but are reviewed here briefly to provide context for this study. We employed both
fixed and random transects. Fixed sites were selected opportunistically prior to the beginning of
this study and were used as a reference for areas of particular interest. This consisted of 11
shoreline transects on the main stem Penobscot River along with eight sites within major
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tributaries (Figure 1.1). Fixed transects were 1 km long and located above and below current or
former dams. Several sites further from removed dams were also selected to serve as reference
sites. Tributaries sites were identified as “lower” if they were above only one dam (Milford
Dam) following dam removals and “upper” if they were above more than one dam.

1.2.3 Stratified Random Design
To account for habitat heterogeneity within the main stem river, a stratified random
sampling design was implemented alongside of the fixed site design. The lower Penobscot River
was split into 4 major strata (Tidal, Orono, Milford, Argyle) based on the presence of current and
or former dams (Figure 1.1). The lowermost stratum (Tidal) consists of 15 km of tidally
influenced freshwater beginning at the salt wedge up to the head of the tide. The Orono stratum
is 10 km long beginning at the downstream portion of the former Great Works Dam and ending
at the upstream portion of the former Veazie Dam. The Milford stratum is the shortest, spanning
3 km from the downstream portion of the Milford Dam to the upstream portion of the former
Great Works Dam. The Argyle stratum is the largest reach covering 32 km of main stem river
from the Howland Dam down to the Milford Dam.
Within each stratum, 500 m shoreline transects were delineated in areas that were
accessible by boat. Several (3-6) transects were selected randomly within each strata during each
sampling season. Sampling was conducted during late spring and early fall to account for both
adult and young of year migratory fish. We followed the guidance of (Kiraly al., 2014b) to
sample a minimum of 5 km of shoreline during each sampling season; this was expected to
document 90% of the species present. Since no significant differences between the fixed and
random sampling designs were found when assessing species richness during pre-removal (2010-
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2012) surveys, data from both sampling designs have been, and continue to be, combined in
analyses for greater sample size (Kiraly et al., 2014b).

1.2.4 Data collection
The same sampling gear used by Kiraly et al. (2014a) and Watson et al. (2018). A 5.5mlong Lowe (Lebanon, MO) Roughneck aluminum boat outfitted with a Smith Root (Vancouver,
WA) 5.0 GPP electrofishing system with two anode dropper arrays was implemented for main
stem sampling. Two netters were positioned at the bow of the boat while an operator positioned
the boat perpendicular to the shoreline navigating in a downstream direction. For tributary sites
(Figure 1.1) or when main stem flows prevented navigation with the larger aluminum boat, a
4.3m Sea Eagle inflatable raft equipped with a Smith Root 2.5 GPP electrode fishing system with
a single-boom anode dropper array with one netter positioned at the bow was used.
Sampling was first conducted beginning in the spring of 2010 and repeated again for two
additional spring and two fall seasons ending in 2012 (see Kiraly et al., 2014a). Following dam
removals in 2012 and 2013, sampling was initiated in the spring of 2014 and again repeated for
an additional two spring and two fall seasons (see Watson et al., 2018). For the extended
monitoring, sampling methods were repeated beginning in the spring of 2019 and continued into
spring of 2021 (Figure 1.2). Each spring, sampling was initiated in the Tidal reach working
upstream to follow migrating adult anadromous fishes. Sampling was then repeated in the fall
beginning higher in the watershed moving in a downstream direction.
For each transect, start and stop coordinates were recorded using a GPS. All fish captured
were placed in an onboard live well, and after survey completion, were identified to species. We
also recorded total length (mm), and mass (g) of each fish. Fish were then released to nearest

7

point of capture. Due to permitting restrictions, adult Atlantic Salmon, Atlantic Sturgeon,
Acipenser oxyrinchus oxyrinchus, and Shortnose Sturgeon, Acipenser brevirostrum were not
netted, but sightings were recorded to account for their presence. Sampling was terminated
following the detection of these species to prevent further contact. Size was visually estimated
along with mass using methods outlined in (Kiraly et al., 2014a). Data analysis for this study was
conducted in Program R version 4.0.3 (RStudio Team, 2021)

Figure 1. 2 Timeline of fish assemblage assessment surveys (top) with associated large scale
river modifications as part of the PRRP (below).

1.2.5 Catch and biomass per unit of effort
For each species, both catch (n) and biomass (kg) per unit of effort (meters of shoreline;
CPUE and MPUE) were assessed to determine potential changes in relative abundance and
8

biomass for all fishes encountered throughout the study. Catch data were standardized by
distance of shoreline (m) sampled rather than time (s) due to differences in flow throughout the
river and between sampling periods. Shoreline distance was determined using start and stop
waypoints uploaded to ArcPro (ESRI 2021) to measure the total distance that was sampled.

1.2.6 Diversity: Occurrence, Richness, Evenness
We calculated the frequency of occurrence for each species within each sampling period
(Table 2) to assess potential changes in species presence throughout our study area. In addition,
species richness was compared between sampling periods for each stratum. Due to differences in
effort (total shoreline sampled) among stratum and across sampling periods, species richness was
compared using species accumulation curves coupled with rarefaction using the BiodiversityR
package (Kindt & Coe, 2005). This method allows for comparison of species richness among
equivalent distances of sampled shoreline between each group. To assess species eveness, we
used the Vegan package (Oksansen et al., 2020) to calculate the Simpson diversity index
(Simpson, 1949) for each year across each river strata. This index was calculated per survey with
(n) representing the number of individuals for a given species and (N) is the total number of
individuals for all species in the sample. This index accounts for both presence and absence of a
species within a sample while measuring the probability that two individuals randomly selected
from a sample will belong to the same species. This accounts for species dominance giving more
weight to common species. Values ranges from 0 to 1 with zero being no diversity and 1 being
the greatest sample diversity.
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1.2.7 Similarity/ Hierarchal Clustering
In order to assess similarity of species composition between sampling periods for each
river strata, we calculated the Morisista–Horn similarity index as it accounts for both presence
and abundance between two or more sampling events (Magurran & Mcgill, 2011). Mean CPUE
for each species was calculated per river strata by sampling period then analyzed with Divo
package (Rempala & Seweryn, 2013) to obtain percent similarity of each strata between
sampling periods with boot strapped 95% confidence intervals. We also assessed similarity
between all strata across each sampling period using hierarchal clustering analysis within the
same package. Clustering was performed using 50 iterations and then examined to identify
clusters based on similarity of assemblage composition.

1.2.8 Non-metric multidimensional scaling
To assess overall shifts in fish assemblages between sampling periods, we analyzed
proportional abundance data for each sampling event by river strata using non-metric
multidimensional scaling (NMDS; Faith et al., 1987) with the Bray-Curtis dissimilarity index.
Proportional abundance data represent the percentage each species contributed to the total catch
(n) for a given sampling event. This metric was used rather than CPUE to remove potential bias
introduced by multiple electrofishing teams and changing river conditions. Analysis was
performed using a site by species matrix in the Vegan package (Oksansen et al., 2020) and then
plotted using the centroid for all sampling events in a given strata for each sampling phase (pre,
post, extended). Centroids were then connected with successional vectors to assess any temporal
shifts in species composition in ordinal space represented in two-dimensional space.
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1.3 Results
1.3.1 Catch/Biomass/Sampling effort
Total shoreline sampled (km) among river strata were largely consistent between
sampling periods (Table 1). A total of 133,394 individual fish represented by 41 species were
captured from 2010-2021 during boat electrofishing surveys. Pre dam removal surveys (20102012) accounted for 69,393 individual fish from 38 species, immediate post dam removal
surveys (2014-2016) yielded 37,942 individuals from 35 species, and extended post dam removal
surveys (2019-2021) yielded 26,059 individual fish represented by 34 species.
Patterns in CPUE for all fishes remained largely similar to post dam removal surveys
with mean CPUE greatest in the Argyle reach while catch remained relatively low in the Tidal
reach (Figure 1.4). Catch within the Argyle continues to be dominated by lacustrine fishes with
much of the catch consisting of small bodied cyprinid species. Patterns in MPUE remained
consistent with previous sampling periods as well, with the Milford and Orono strata exhibiting
the highest mean MPUE due to the high relative abundance of adult anadromous fishes (Figure
1.5). The Milford strata in 2021 yielded a notably higher mean MPUE when compared to other
seasons due to a high abundance of American Shad encountered below the lower most dam.

Table 1. 1 Total species sampled and total shoreline sampled per river reach grouped by
sampling period (Pre : 2010-2012, Post: 2014-2016, Ext : 2019-2021).

Tidal
Orono
Milford
Argyle
Lower Tributary
Upper Tributary

Pre
32
21
16
24
20
24

Total Species
Post
31
21
22
25
19
20

Ext
27
23
22
21
18
22
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Shoreline Sampled (km)
Pre
Post
Ext
45.4
42.0
42.3
26.5
23.3
24.1
15.6
13.3
15.9
49.3
34.4
41.8
14.1
13.7
12.5
22.8
17.1
20.9

Table 1. 2 Species encountered during electrofishing surveys with associated common name,
scientific name, species abbreviation code, life history, and origin. Life history is grouped by R:
resident, C: catadromous, A: Anadromous. Origin includes I: introduced or N: native to the
watershed. Species occurrence is grouped by sampling period and presented as a percentage of
occurrence for all sampling events (n) within each period.
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Figure 1. 3 Species accumulation curves for each river strata grouped by sampling period. Darker
regions for each curve represent 95% confidence intervals around mean richness estimates.
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Figure 1. 4 Mean catch per unit effort CPUE (n/km) with associated standard error for all fishes
for each sampling season grouped by sampling strata.
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Figure 1. 5 Mean biomass (kg) per unit effort MPUE (kg /km) with associated standard error for
all fishes for each sampling season grouped by sampling strata.
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1.3.2 Occurrence and Species richness
During the extended sampling effort, alosines experienced the most notable change in
their frequency of occurrence with an increase of greater than 10% when compared to immediate
post dam removal surveys. Alewife and Blueback Herring occurrence increased by 54% and
46% respectively within the Lower Tributary strata (Table A1). American Shad occurrence
increased the most within the Orono (+23%) and Milford (+26%) strata but still experienced low
occurrence (<10%) in the Argyle strata with no captures in either upper or Lower Tributary sites.
Atlantic salmon were infrequently observed and exhibited little to no change in their relative
occurrence throughout the study area. American Eel were detected frequently (>75% occurrence)
within the study area throughout all sampling periods.
Species richness among main-stem strata and tributary sites was comparable between the
post and extended period surveys (Figure 1.3). We detected no significant difference between
species accumulation curves using rarefaction. Five species (Blacknose Dace Rhinichthys
atratulus , Fathead Minnow Pimephales promelas , Finescale Dace Phoxinus neogaeus,
Mummichog Fundulus heteroclitus, and Threespine Stickleback Gasterosteus aculeatus)
occurred in both pre and post dam removal surveys in the Tidal reach but were not detected in
extended dam removal surveys. It is important to note that these were relatively rare (< 4%
occurrence) in post dam removal surveys. Two recently introduced species, White Catfish
Ameiurus catus and Northern Pike Esox lucius, were detected during the extended period but had
not been detected in previous sampling periods. White Catfish were detected in the Orono, Tidal,
and Milford Strata during extended surveys while Northern Pike were only detected in Pushaw
Stream.
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Anadromous species such as American Shad, Alewife, Blueback Herring, Sea Lamprey,
and Atlantic Salmon were all detected above the Milford Dam demonstrating successful passage,
although we cannot infer passage efficiencies from this study. These species were observed in
relatively low abundance within the 32 km of riverine habitat above the dam with the majority of
these fishes encountered in greatest abundance immediately below Milford Dam. Of these
species, Alewife and Blueback Herring had not been previously detected in the Upper Tributary
strata but were detected there during the extended post dam removal surveys. These detections
include both adult and young of the year (YOY) river herring in the Piscataquis and
Mattawamkeag rivers with no detections occurring in the East Branch of the Penobscot River.
During this extended sampling period, we detected YOY Alewife, Blueback Herring, and
American Shad above the Milford Dam in low relative abundance; the relative abundance of
YOY alosines was greatest in the Orono and Tidal reach where schools (n > 100) of outmigrating fish were encountered.

1.3.3 Diversity
Diversity for each river strata showed no major discernable patterns over time (Figure
1.6). The Simpson index indicated similar temporal patterns for each river strata across sampling
periods, with no discernable shifts in diversity for main stem river strata. Changes to species
diversity were associated with greater distribution of both anadromous and introduced species
within several river strata. The Lower Tributary strata exhibited the highest median index (0.85)
in our most recent year of sampling (2021; Figure 1.6). Prior to dam removal, Lower Tributary
samples were dominated by lacustrine species without the presence of anadromous species.
Aside from Northern Pike, much of the resident assemblage remained similar with a strong
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presence of slow water generalist species. The addition of Alewife and Blueback herring further
contributed to both the increased diversity and evenness within the samples. Similarly, the
Milford strata exhibited the greatest median index (0.79) during the most recent sampling years
as result of several newly introduced resident species detected coupled with an increased relative
abundance of anadromous species.

Figure 1. 6 Box and whisker plot of Simpson diversity index per river strata by sampling year.
Black horizontal bar indicates median value, box indicating 25% and 75% quantiles, and lines
indicating the minimum and maximum range along with outliers shown as points.

1.3.4 Similarity
The Morisita-Horn similarity index and NMDS indicated that fish assemblages among
river strata remained largely similar between the post and extended surveys. The Lower
Tributary and Tidal strata exhibited the greatest changes in similarity while the Upper Tributary,
Argyle, Milford, and Orono strata exhibited little to no difference in similarity (Figure 1.7).
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Hierarchal clustering revealed three main break points in fish assemblages based on species
composition. The most dissimilar grouping was the Lower Tributary sites during all three
sampling periods. This was then proceeded by two other larger groups that were primarily split
between free-flowing strata or impounded river strata fish assemblage structure (Figure 1.8).

Upper Trib

Lower Trib

Argyle

Milford

Orono

Post vs. Ext
Pre vs. Ext

Tidal

Pre vs. Post
0
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0.2
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0.4
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Figure 1. 7 Percent similarity of species composition between Pre and Post Dam removal (black
bars) compared to Pre vs. Ext Dam removal (gray bars) for each river strata. Similarity was
measured using incidence frequency data with boot strapped confidence intervals.
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Figure 1. 8 Hierarchical clustering dendrogram using pairwise similarity derived from the
Morisita-Horn similarity index using CPUE among river strata across sampling periods.

1.3.5 Non-metric multi-dimensional scaling
NMDS ordination results adequately represented the overall fish assemblage with stress
<0.2 (stress = 0.19) indicating data were well described within two axis (Bradfield & Kenkel,
1987). Axis 1 which explains the most variance, ordinated positively with resident species (e.g.,
Chain Pickerel Esox niger) and negatively with estuarine species (e.g., Atlantic Tomcod
Microgadus tomcod). Axis 2 positively ordinated predominantly with resident riverine species
(e.g., Smallmouth Bass Micropterus dolomieu) and ordinated negatively with slower water
species (e.g., Largemouth Bass Micropterus salmoides) (Figure 1.9A). Spring survey
successional vectors (Figure 1.9B) revealed that the greatest shifts in species composition
between post dam removal and extended post dam removal surveys occurred in the Tidal,
Argyle, and Lower Tributary strata, all of which shifted toward the upper right-hand portion of
the plot which corresponded to a greater influence of anadromous species. Although the Lower
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Tributary and Argyle strata successional vectors shifted towards the anadromous portion of the
plot, the relative scores still indicate that lacustrine species (e.g., Brown Bullhead Ameiurus
nebulosusand Yellow Perch Perca flavescens) remain common. Finally, scores indicated
minimal shifts in the Orono, Milford, and Upper Tributary strata between the post and extended
surveys further demonstrating that the greatest changes in species composition occurred
immediately following dam removals.
Fall survey successional vectors (Figure 1.9C) revealed a similar pattern in that the
greatest shifts in species composition between the post and extend post dam removal surveys
occurred in the Tidal and Lower Tributary strata while minimal shifts occurred in the Orono,
Argyle, and Milford strata. The Tidal strata remained largely represented by anadromous species
while the lower and Upper Tributary strata were comprised of lacustrine and/or resident riverine
species. The shift exhibited in the Upper Tributary sites is largely accounted for by the presence
of YOY river herring encountered in high abundance in the Piscataquis River during fall surveys.
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Figure 1. 9 Nonmetric multidimensional scaling of CPUE for all fishes encountered during
electrofishing surveys including Species scores (A), spring survey successional vectors (B), and
fall (C) survey successional vectors grouped by river strata. Diadromous species have been
identified with a gray diamond (A).
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1.4 Discussion
Collectively our results demonstrate that the greatest changes in fish assemblages were
observed immediately post-removal and remained consistent over an extended timeframe. With
the Milford Dam being the lowest dam in the river system, we still observe much of the
migratory catch and biomass restricted below the dam while lacustrine species remain in
relatively high abundance above the dam. This pattern in catch as a result of dams is consistent
within the watershed (Gardner et al., 2013; Hogg et al., 2015; Kiraly et al., 2014a; Watson et al.,
2018), within other impounded Atlantic coastal riverine systems (Holcomb et al., 2016;
Magilligan et al., 2016), and even on a global scale for impounded rivers systems (Anderson et
al., 2006; Katano et al., 2006; Liu et al., 2019).
Overall, patterns in CPUE appear to exhibit an overall decreasing trend, particularly for
the Argyle Stratum (Figure 1.5). This trend may not be reflective of true population changes
rather just differences in sampling among operators as well as variation in river conditions.
During much of the extended survey effort, drought like conditions made sampling the near
shore habitat challenging in the Argyle stratum which may explain these differences in CPUE. In
addition, the total time (s) per survey within the Argyle stratum was notably longer during predam removal surveys which may also explain the overall difference in catch. Due to these
reasons, we chose to use proportion abundance data in further analyzes to avoid introduced bias
between operators.
Shifts in the Lower Tributary strata during the extended sampling period are the result of
adult Alewife and Blueback Herring captured in higher abundance along with the detection of
Northern Pike, which had not previously been detected in surveys. Although Northern Pike is
new to our study, it has been previously documented by Maine Inland Fisheries and Wildlife,
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which previously monitored their range expansion extensively. We did not detect this species
within the main-stem of the Penobscot River during this study although they have been observed
using the Milford Dam fish lift. Aside from several new species encountered in the Lower
Tributary sites, much of the resident assemblage structure remained similar. Significant changes
in similarity within the Tidal strata are the result of encountering schools (n > 100) of YOY
alosines during the extended fall surveys. Additional drivers for assemblage shifts in the Tidal
stratum include the increased occurrence of White Catfish coinciding with the decrease in
occurrence of lacustrine species such as Brown Bullhead, Chain Pickerel, Pumpkinseed Lepomis
gibbosus, and Redbreast Sunfish Lepomis auritus.
Variation in the occurrence of diadromous fishes in our Upper Tributary sites are likely result
from variable upstream passage constraints between sampling locations. The presence of both
adult and YOY river herring in the Piscataquis River is attributed to the recently constructed
nature like rock ramp fish way around the Howland Dam. These nature-like fishways improve
connectivity for migratory fish but do not necessarily fully restore conditions to the level
observed for free flowing rivers (Stoller et al., 2016), hence the high similarity in fish
assemblages between sampling periods for the Upper Tributary sites (Figure 1.8).
The highest Upper Tributary site (East Branch Penobscot River) lacked the presence alosines
which can likely be explained by additional passage constraints to reach this site. Atlantic
Salmon and American Eel were the only diadromous species detected within this upper site. The
absence of other diadromous species can be attributed to the additional dams (Weldon Dam and
West Enfield Dam) as well as the type of upstream fish passage incorporated into these
structures. The Weldon dam is 13.7 meters in height (Federal Energy Regulatory Commission,
2018) which is 6 meters taller than the six dams that are downstream. In addition to height, fish
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passage at Weldon Dam (pool and weir) and West Enfield Dam (Vertical slot) are likely more
species-selective than fish elevator systems such as the one at the Milford Dam (Bunt et al.,
2012).
Dams can restrict further upstream range expansions of non-native fish in rivers (Lavis et
al., 2003; McLaughlin et al., 2013; Pratt et al., 2009; Sharov & Liebhold, 1998). These barriers
to upstream movement can prevent unwanted predator-prey or competitive interactions with
native fishes (Kiffney et al., 2009). Although the Penobscot River Restoration Project had clear
benefits associated with increased connectivity for native diadromous fishes, there were also
unintended consequences that ultimately lead to the range expansion an invasive species, White
Catfish. Thought to be previously restricted below the Veazie dam in low abundance (Maine
Department of Marine Resources, personal communications), White Catfish were not detected
during our pre-dam or post dam removal boat electrofishing surveys. The species was then
detected in all river strata below the Milford Dam during extended surveys indicating not only an
expansion in its range but also increase in relative abundance. When considering dam removal as
conservation approach, managers need to carefully consider how to balance enhanced passage
with the management of non-native species.
Impounded riverine reaches within the Penobscot River continue to provide habitat
conducive to a higher relative abundance cyprinid species while also supporting a higher relative
abundance of top predators such Chain Pickerel and Largemouth Bass. Although upgraded
passage has allowed greater upstream ranges for anadromous species, much of the community
structure above the lowermost dam has remained largely similar. As a result, any YOY
anadromous migrants above these dams likely encounter these piscivores when moving down
river. Downstream migrants such as Atlantic Salmon smolts have exhibited migration delays at
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impounded locations in the Penobscot (Molina-Moctezuma et al. 2021) which may provide
additional opportunity for predation from these reservoir species.
Our assessment of relative abundance and biomass for all fishes and at the individual
species level revealed high annual and seasonal variability. This is a result of variation in the
timing of sampling, river discharge, and heterogeneous shoreline habitats as well as changes in
true population status. Despite these confounding factors, the strong sampling design and
consistent sampling methods provide data that has a strong relation to underlying changes in
relative fish abundance. Thus, these data are useful in evaluating the response of the fish
assemblage to dam removal and improved fish passage. Large scale river restoration projects
such as the PRRP can be used to inform future river restoration projects around the world. With
many diadromous species continuing to decline as a result of dams reducing access to freshwater
environments, we provide evidence that dam removal and upgraded fish passage is an effective
conservation approach to rehabilitating runs of migratory fishes.
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CHAPTER 2: RANGE EXPANSION OF AN INVASIVE SPECIES IN THE
PENOBSCOT RIVER, MAINE: AN ASSESSMENT OF AGE, GROWTH, AND
HABITAT USE OF WHITE CATFISH, AMEIURUS CATUS
2.1 Introduction
Early detection and monitoring of nonnative fish species is critical for implementing
appropriate management decisions (Maistrello et al. 2016). Invasive species threaten native
biodiversity (Crowl et al. 2008) and may interfere with the goals and objectives for large scale
river restoration projects (Breton et al. 2014).Within dammed rivers, the opportunity for invasive
fishes to establish is high as the conversion from impounded to free flowing habitat is created
(Wessells 2004), favoring fluvial generalists (Guenther and Spacie 2006) such as catfish.
Two catfish exist in the state of Maine (White Catfish, Ameiurus catus and Brown
Bullhead, Ameiurus nebulosus). Brown Bullhead are found state wide in most inland ponds,
lakes, and rivers and this species is the only native catfish in the state. Conversely, White Catfish
are non-native, and this species has recently extended its range within Maine into two coastal
rivers (Penobscot and Kennebec Rivers). White Catfish are native to the freshwater systems of
Atlantic costal states from New York to Florida (Lee et al. 1980) and are common in rivers or
streams near brackish water as they are able to tolerate higher salinities (Werner 2004).
Widespread introduction of White Catfish has extended its geographical range well beyond its
historical distribution (Lee et al. 1980), now being found in Pacific coastal riverine systems as
well.
This species was historically an important sport fish and has been used in fish culture and
pond stocking due to its tolerance to an extensive range of environments, young age of maturity,
fast growth rate, and high catchability (Trautman 1981). Though no records indicate White
Catfish were ever stocked in Maine, they were first discovered in 1981 in a commercial bait tank
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within close proximity to the Penobscot River (USGS NAS 2022). The bait industry, along with
boaters and anglers, are recognized as major vectors of aquatic invasive species (Kilian et al.
2012). While the introduction mechanism and timing is uncertain, it is clear that this species is
nonnative and has been recently established within the Penobscot River watershed. In some
instances, assessing the growth of individual fish can provide insight into the relative timing of
introduction as invasive species often growth faster during initial establishment (Graebner et al.
2012). Such information on White Catfish in the Penobscot River was lacking prior to this
study.
The first documented report of a White Catfish within Maine waters was in 1997 when
Maine Department of Marine Resources (MDMR) captured several adult fish in the Eastern
River, a tributary of the Kennebec River (Lucas 2002). In both rivers where White Catfish are
found (the Kennebec and Penobscot), their range is assumed to be restricted by higher salinities
in the lower river and by dams in the upriver portions. Prior to 2013, White Catfish probably
persisted in low abundance in 2012 before the Penobscot River Restoration Project (PRRP;
Opperman et al. 2011), however following dam removals, there has been an increasing trend in
annual counts of these fish at the lowermost main-stem dam, Milford Dam (MDMR, unpublished
data).
A fish lift is part of an integrated fish passage system that is designed to pass migratory
fish upstream of Milford Dam (Opperman et al. 2011). Within this system, there is an integrated
trapping mechanism with a secondary lift that provides managers the opportunity to control
which fish are passed up stream. This system is designed for anadromous species including, but
not limited to, Atlantic salmon, Salmo salar, American Shad, Alosa sapidissima , Alewife, Alosa
psuedoharengus, and Sea Lamprey, Petromyzon marinus. As part of MDMR protocol, nonnative
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species that enter the lift are removed and sacrificed in order to prevent access to upstream
habitat. Of the nonnative species that have been observed in the trap, White Catfish is one of the
few species not known to have already established a population upstream of the dam.
Removal protocols are unlikely to be comprehensive. During times when water
temperatures exceed the threshold for handling Atlantic Salmon (23° C), the trap is left open for
all fish to pass up river. Though unintended and undesired, it is likely that many White Catfish
have already passed further up river during warm periods when the trap is left open. While the
species has yet to be confirmed upstream of the Milford Dam, detection probability is likely low.
Invasive species often persist in low abundances prior to establishment (Mehta et al. 2007).
White Catfish have been known to exhibit seasonal movements between fresh and
brackish water (Heard 1975, Mansueti 1950, Markle 1976, Schmidt 1971). These movement
patterns are poorly understood, but movements in northern rivers have been hypothesized to be
the result of greater food availability in brackish water during winter months (Heard 1975). Use
tidal habitat may also occur during increased flow periods that reduce salinity allowing them to
remain in these habitats (Bunch et al. 2021). Lab studies have shown that White Catfish are quite
tolerant to high temperatures (with an upper lethal temperature of 29.9o C) but only moderately
tolerant of increased salinity, with an upper salinity tolerance of 14.0 ‰ (Kendall and Schwarts
1968). It is possible that White Catfish have expanded their northern range among coastal rivers
by venturing into and travelling through coastal waters. Fish may swim higher in the water
column to avoid higher salinities (Lowe et al. 2012). Because of their modest salinity tolerance,
such a colonization event could only occur during wet months when salinity decreases
throughout tidal rivers (Nepal and Fabrizio 2019). Long movements of up to 88 km have been
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reported in the Sacramento River using traditional mark and recapture methods but data on this
fish’s movements are too sparse to support - or refute - a natural colonization hypothesis.
Where tagging methods are not logistically feasible, chemical analysis of hard parts such
as otoliths may reveal movements between chemically distant habitats such as freshwater and
higher salinities. Otoliths (earstones) are paired calcified structures within teleost fishes that
provide them the ability to balance as well as detect vibrations within the water (Campana 1999).
These structures accrete calcium carbonate and other trace elements from their surroundings over
the course of the life history (Kalish 1989). Chemical information can be obtained from otoliths
and used to infer movements between chemically distinct environments or habitats throughout a
fish's life (Gunn et al. 1992; Secor et al. 1995). Barium (Ba) and strontium (Sr) are often the
most commonly assessed elements as they are frequently used for inferring movement between
freshwater and marine environments. Within otoliths, Ba concentrations generally act in an
inverse manner to Sr across salinity gradients, with higher concentrations in fresh water and
lower concentrations in marine waters (Walther and Limburg 2012). The source of the variation
in elemental signatures can be attributed to experienced ambient environmental conditions which
may contribute more than 80% of the variation (Webb et al. 2012).
Patterns of movement via otolith chemical data may be most clear for anadromous fish
that rely on both the marine and freshwater environment to complete their life history. Assessing
a single element such as Sr can reveal movements between the fresh and marine environment.
The limitation of this approach is that the combined ratio reduces the amount of information
available for interpretation, as the ratio could be driven by fluctuations in either the numerator or
denominator (Walther and Limburg 2012). Researchers have capitalized on the use of assessing
Sr/Ba ratios allowing for greater power to detect movements through moderate salinities
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(McCulloch et al. 2005; Walther and Limburg 2012). While it can be difficult to detect these
patterns of movement for estuarine species, we provide insight into the potential movement
between fresh and brackish water for White Catfish while also assessing age and growth via their
otoliths.
In order to inform the pattern of range expansion for White Catfish in the Penobscot
River, we conducted three lines of inquiry. First, we used electrofishing surveys and targeted
trotline sampling to describe the current distribution of this invasive species in relation to its
native counterpart, the Brown Bullhead. Secondly, we use captures from the trot line survey and
opportunistically collected White Catfish at the Milford Dam to collect basic demographic data
of size and sex, and used otoliths to assess age and growth. Lastly, we used otolith
microchemistry from White Catfish captured at the Milford Dam or from the lower Penobscot
River to see if there was any evidence for movement into a saline environment, a pattern that
may inform the mechanism of range expansion.

2.2 Methods
2.2.1 Study Area
The Penobscot River Watershed is the largest watershed in Maine with over 8,800 km of
riverine habitat within a 22,455 km2 watershed (Opperman et al. 2011). This river system is
fragmented by over 125 dams, with 6 major dams present on the main-stem river within 100 km
of the confluence with the Gulf of Maine (Maine Inland Fisheries and Wildlife 2020).
Historically this river supported large runs of sea-run fishes but due to lack of upstream access
and other conservation threats in the last two centuries, these runs have diminished substantially
with several species now listed as federally endangered. The Penobscot River Restoration
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Project (PRRP) was a collaborative effort with the goal of diadromous fisheries restoration
through dam removal, while mitigating the loss of hydropower production (see Opperman et al.,
2011). The PRRP resulted in the removal of the two lower most dams (Veazie and Great Works)
on the river at river kilometers (rkm) 48 and 60 (respectively) along with the addition of
upgraded fish passage in the form of an elevator at Milford Dam (river kilometer 62) beginning
in 2012 (see Figure 2.1). In total, 15 km of riverine habitat was reconnected with the lower 50
km riverine habitat resulting in additional upstream habitat for both migratory and resident fish

within the lower river.
Figure 2. 1 The Penobscot River Watershed with both upper and Lower Tributary fixed sampling
transect locations (left), fixed main-stem Penobscot River sampling locations along with
stratified river sections (right). Current and former dam locations within study area are marked
with solid black rectangle (current) or dashed rectangle (removed).
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2.2.2 Fish Collection – Electrofishing Surveys
As part of ongoing work, electrofishing data were used to assess the presence of White
Catfish throughout the river, covering many areas trotline surveys could not be deployed. These
surveys were conducted binannually between 2010-2012 (pre dam removal, Kiraly et al, 2014a),
2014-2016 (post dam removal, Watson et al., 2018) and 2019-2021 (Extended post dam removal
(Whittum et al., submitted) within the main-stem of the Penobscot River. The sampling area was
stratified into four main-stem river reaches (Tidal, Orono, Milford, Argyle) which was split up
based on the location of current and or former dams (Figure 2.1). Both a fixed site and random
samping design was conducted in the main-stem river reaches with additional fixed sites located
in lower and upper triburataries. Tributaries were identified as lower if they were above the
lower most dam, and upper if they were above more than one dam. Within either a fixed or
random transect, if a White Catfish or Brown Bullhead was captured, their presence was
recorded. If encountered, White Catfish were sacrificed in a buffered MS-222 for sampling,
Brown Bullhead were released. The frequency of their presence within a river stratum for a given
sampling period was then calculated to compare their relative occurrence over time.

2.2.2 Fish Collection – Milford Dam
Fish lift operations at the Milford Dam began in 2014, one year after dam removals.
White Catfish were first observed in the Milford Dam fish lift in 2016, two years following its
construction. Since then, they have been observed every year trying to pass up river. Brown
Bullhead have been observed within the passage facilty every year in low to moderate abundance
(< 50; Figure 2A.1). Individual White Catfish that were collected for this project include fish
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from passage facilty in 2019, 2020, and 2021. Collection occurred within the passage facility
during permittable water temperatures (<23°C).

2.2.3 Fish Collection – Trotline Surveys
Following the detection of White Catfish during main-stem Penobscot River boat
electrofishing surveys in 2019, trotline surveys were implemented to assess the relative
abundance and distribution of this species within the lower Penobscot. River. Methods are
described in detail in (Welker and Drobish 2010) but are briefly presented here for clarity.
Trotlines consisted of a long central line (50 m) with 25 cm long individual lines (8 kg
monofilament) attached every one meter apart with a baited hook. The line was placed parallel
with the flow of the current with anchors on both ends. We used Canadian night crawlers,
(Lumbricus terrestris) as bait threaded on size 3/0 circle hooks. Lines were deployed for one
hour soak times and, upon retrieval, the total number of hooks returned empty and with fish were
counted. Captured White Catfish were then euthanized in a buffered solution of MS-222 and
brought back to the lab for processing. Brown Bull head were counted and released. Any nontarget species were removed from the hook and promptly released. Catch per unit effort (CPUE)
was then calculated for each target species and represented as the number of fish caught relative
to the number of hooks deployed for a given one hour survey. These data were then standardized
to represent the number of fish per 100 hook-hours.
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Figure 2. 2 Lower Penobscot River trotline sampling locations for White Catfish during summer
of 2020. Three of four sampling regions (B, C, D) occurred in free-flowing stretches of the river
while one region (A) occurred within impounded habitat immediately above Milford Dam.
Imbedded symbols indicate exact locations where lines were set along with their associated catch
(White Catfish [CF], Brown Bullhead [BBH], both, or no catch)
Trotlines were deployed during summer of 2020 when electrofishing surveys were not
permittable due to high water temperatures (>23°C). Surveys started at the saltwater intrusion
point in the tidally influenced freshwater portion of the river (approximately rkm 25) up to the
mouth of the Kenduskeag River (rkm 38; Figure 2.2). In addition, trotlines were also deployed
immediately above the Milford dam (Figure 2A.2) to determine White Catfish potential presence
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and relative abundance above the Milford Dam. Deep, swift water within the Penobscot River
upstream of the mouth of the Kenduskeag River made further upstream deployment with
trotlines logistically challenging. A total of 3,392 baited hooks were deployed during trotline
surveys from July 6th to August 7th during the 2020 sampling season. Water temperature during
surveys ranged from 23.8 to 28.5o C, while point measurements of salinity ranged from 0 to 7
ppt. Pilot surveys were conducted during the day but yielded low catch rates. Surveys were then
conducted after sunset and into the night to avoid the heat of the day while also coinciding with
when catfish feeding activity is highest (Bodine et al. 2013)

2.2.4 Fish Sampling
For all White Catfish collected, we recorded total length (mm), mass (g), and sex. Lapilli
otoliths were then collected from all White Catfish captured and used for assessing age and
growth. Otoliths were imbedded in Crystal Bond 509 (Redding, CA) on a microscope slide, then
sectioned along a transverse plane using a low-speed diamond blade (Buehler Isomet, Lake
Bluff, IL) sectioning saw. Sections were then placed onto microscope slides and adhered to the
slide. Samples were then polished with a fine grit (1200) sandpaper to enhance the clarity of
annuli when viewed under the microscope. Otolith cross sections were then imaged using
program SPOT (SPOT Imaging 2021). Independent readers estimated the age of each fish using
Image J (Schneider et al. 2012) coupled with Object J plugin (Vischer 2021) to mark each
annulus along a transect that passed the core. Distances from the core to each annulus were then
measured and used to model somatic growth and estimate age for each individual. When
independent readers were not in agreement on an age, a third reader was used. If agreement was
not settled, the sample was then removed.
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2.2.5 Growth Modeling
We fit a von Bertalanffy growth model (VBGM; von Bertalanffy 1938) with a non-linear
least squares approach to infer growth of the overall population. This was performed using the
FSA package (Ogle 2021) and the CAR package (Fox and Weisberg 2019) in program R. This
model provides three parameters of interest, where L∞ is the asymptotic total length, K is the
Brody growth coefficient, and t0 was the age of a fish at total length zero. We used back
calculated total lengths at age for all individuals due to the lack of representation from lower age
classes in our sample. Back calculations were performed using the otolith incremental distance
from the core to a given annual then divided by the total radial otolith distance along a transect
multiplied by the total length of the fish at capture to estimate total length at age.

2.2.6 Annual mortality estimation
In addition, data from trotline surveys were then used to calculate a catch curve (Guy and
Brown 2007) for this sub sample of the White Catfish population. The log frequency of
individuals within each age class within our sample was calculated. A linear regression was then
fit through a subsection of the sample where individuals fully recruited to our gear. The slope
from this regression (z) was then used to calculate annual mortality (A) for the sample.

2.2.7 Laser Ablation
We analyzed trace element concentration in otoliths of a subset of White Catfish
collected from both the Milford Dam and from fish captured in the lower river using trotline
surveys. Otolith cross sections were analyzed using laser ablation inductively coupled plasma
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mass spectrometry (LA-ICP-MS) in the Microanalytically Geochemistry and Isotope
Characterization (MAGIC) laboratory at the University of Maine. The instrumentation consists
of an ESI NWR193 excimer laser ablation system coupled to an Agilent 8900 ICP-MS. All
analyses (line scans and maps) were performed using the mapping setup outlined in Cruz-Uribe
et al. (2021). Otolith cross sections were removed from the crystal bond and remounted into an
epoxy resin and then polished with a series of fine diamond polishing agents (9, 6, 3, 1 µm) prior
to ablation and then cleaned via sonication.
Laser ablation transects were performed across the otolith cores and out to the edges of
the sample. Transects were performed using a 5x10 µm rectangular spot with a beam energy
density of 4.4 J/cm2, a laser repetition rate of 100 Hz, and a scan speed of 62 µm/s, which
resulted in a lateral resolution of 5 µm. Each line scan included 5 s background measurement
during laser warm up and 5 s of washout. Annuli were then marked in reference to the ablated
transect to infer location relative to the growth of the fish. Trace element maps were collected for
four otoliths using the same conditions with the exception of the laser spot size. For this
analysis, a 5 x 5 µm square spot was rastered in parallel line transects across the entire sample
surface. The following isotopes were monitored: 44Ca, 88Sr, 137Ba. NIST SRM610 soda-lime
glass was used at the primary reference material for mass fraction calculations. Trace element
mass fractions were determined using the Trace Elements DRS in Iolite 4 (Paton et al. 2011)
with Ca as the internal standard element. Ca content in the otolith was assumed to be 40.04 wt
%. Reference glass GSD-1G, JCt-1NP carbonate nano-pellet, and KCSp1NP carbonate nanopellet were analyzed as quality control materials. Mass fractions agreed with reported values to
within 2 %. Trace element maps were produced using CellSpace in Iolite4 (Paul et al. 2021;
Woodhead et al. 2007; Paton et al. 2011).
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2.3 Results
2.3.1 Electrofishing Surveys
White Catfish were not detected during the 2010-2012 or 2014-2016 sampling periods.
During the 2019-2021 sampling period, White Catfish were detected in all sampling strata
downstream of the Milford Dam with no detections via electrofishing at any site upstream of the
Milford Dam. Overall, White Catfish increased in frequency of occurrence in three of the four
river reaches sampled during boat electrofishing surveys (from 0 to 13, 18, and 26% occurrence)
but remained undetected through electrofishing surveys upstream of Milford Dam (Table 1).
Electrofishing surveys contributed few fish overall (33) but provided information on the presence
of White Catfish in river reaches that could not be surveyed with a trotline. Electrofishing
surveys documented notable reductions in the frequency of occurrence of Brown Bullhead
between sampling periods within the three lowermost river strata (Table 1). Decreases in
occurrence within the Tidal and Orono strata occurred immediately following dam removals. In
the Milford strata, a reduction was not exhibited until the extended post dam removal surveys.

Table 2. 1 Percent frequency of occurrence for White Catfish and Brown Bullhead from boat
electrofishing surveys across sampling periods (Pre: 2010-2012, Post: 2014-2016), and Ext:
2019-2021). Refer to Figure 1 for locations of referenced river strata.

2.3.2 Milford Dam
Over the course of a seven-year period (2014-2021), 414 White Catfish and 240 Brown
Bullhead entered the fish lift the Milford Dam (Figure A1.1). River temperatures ranged from
13°C to 24 °C during the collection period with total catch for White Catfish peaking at 22 °C
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(Figure A2.2). Both male and female fish were collected in equal proportions overall and among
age classes. Most females captured were adult fish with fully mature eggs suggesting their
upstream movements were associated with spawning. White Catfish have been reported to enter
the lift once water temperatures exceed 12°C with the peak of the fish observed around 23°C
(Figure A2.2). Prior to this study, a White Catfish carcass had been observed in 2016 on the trash
racks used to prevent debris from entering the hydropower facility (personal communication
MDMR), however live individuals had yet to be reported above the dam. The Sampling at the
Milford Dam fish lift contributed the greatest number of fish in the study, a total of 258 fish over
three years.

2.3.3 Trotline Surveys
In total, 206 White Catfish were collected using trotline surveys during the 2020
sampling season. White Catfish CPUE was highest within the three fresh water tidal sampling
sections of the river (avg 8.1 fish per 100 hook-hours), while only one individual was captured
above the Milford Dam. Brown Bullhead were captured less frequently that White Catfish, with
mean CPUE estimates highest (2.8 fish per 100 hook-hours) in the impoundment immediately
upstream of the Milford Dam. Brown Bullhead were rarely captures in the lowest most sampling
area where salinity fluctuates as a result of incoming tides (Figure 2.3).
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Figure 2. 3 Boxplot comparing CPUE (fish per 100 hook hours) across sampling areas
highlighted in Figure 2.1 Dashed black line indicates the Milford Dam.
2.3.4 Age and Growth
Of the 497 White Catfish that were collected (Figure 2A.3) from the Milford Dam trap,
electrofishing and trotline surveys, otoliths were successfully collected from 449 individuals. A
total of 411 samples yielded agreed upon age estimates using dual blind readers. Median age for
the overall sample was 5 with a minimum age at capture of 3 and maximum of age 10 (Figure
A4). Data from these fish were then used to compute the final growth model for all White
Catfish in the Penobscot River (Figure 2.4). The average asymptotic total length (𝐿∞) was
estimated to be 513.2 mm with a Brody growth coefficient (K) of 0.149. No correction factor for
determining age at total length 0 (t0) was used (i.e., a 1:1 relationship for total length vs radial
otolith distance was assumed).
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Figure 2. 4 Von Bertalanffy growth curve fit using back calculated total lengths at age for White
Catfish collected from the Penobscot River, ME.
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Table 2. 2 White Catfish growth literature with reported locations, aging methods used, and
estimated mean total length (mm) for each age class collected. Mean total length for each classes
is reported for each study where data were available.

2.3.5 Laser Ablation
In total, 24 White Catfish otolith cross sections were ablated successfully crossing the
core. Barium mass fractions were highest within the cores (12-25 Ba:Ca µmol/mol) within 11 of
the 24 otoliths but remained relatively low (< 5 Ba:Ca µmol/mol) and consistent with increasing
distance from the core (Figure 2.5). Strontium mass fractions exhibited high variation, but subtle
peaks are observed at annular growth marks (Figure 2.6). Similar to the line scans, a relative
spike in barium was observed in the core of the otolith in the elemental maps (Figure 2.7D).
Strontium also revealed banding patterns coincident with annual growth marks where Sr
concentrations were highest during periods of fast growth and lower during slow growth periods
(Figure 2.7C). The Sr/Ba ratio otolith map (Figure 2.7E) revealed banding patterns as well that
were consistent with annual growth marks. Interestingly, we consistently observed an increase in
the Sr/Ba ratio for the 3rd, 4th, and 5th annuli during the growth periods for the fish (Figure 2.7A).
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Figure 2. 5 Barium signatures (Ba µmol per mol of Ca) from four individual otolith transect data
with growth standardized by age (years) on the x-axis.

Figure 2. 6 Strontium signatures (Sr mmol per mol of Ca) from four individual otolith transect
data with growth standardized by age (years) on the x-axis.
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Figure 2. 7 White Catfish otolith cross sectional maps displaying transmitted light photo (A),
calcium counts per second (B), mmol of Sr/mol Ca (C), umol of Ba/mol Ca (D), and Sr:Ba
(mmol/µmol)
2.3.6 Estimate of Annual Mortality
Because there was no apparent difference in the age distributions among fish captured
from river survey (trotline and electrofishing) and those captured at Milford Dam (Figure 2A.4),
the aggregate data set was used (n=411). Was visually identified full recruitment at 5 years of
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age, resulting in a regression fit to ages 5 to 10 in the catch curve (p= 0.0025, R2=0.918). The
estimate of instantaneous mortality (z) was 1.026, resulting in an estimated annual mortality (A)
of 0.64.

Figure 2. 8 Catch curve analysis for White Catfish collected from the lower Penobscot River
based on trot line survey collected fish.
2.4 Discussion
Prior to this study, little information was reported on the distribution and abundance of
White Catfish in the Penobscot River. Our findings provide insight on the expansion of their
range within the watershed. While their populations are declining in their native range due to
competition with introduced Flathead (Brown et al. 2005), Channel (Jordan et al. 2004) and Blue
Catfish (Bonvechio et al. 2012), we provide evidence of population expansion outside their
native range. The timing of their increase in abundance and spatial distribution occurred shortly
after large scale dam removal within the Penobscot River watershed (Opperman et al. 2011)
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suggesting that increased available upstream habitat was, in part, responsible. We observed an
overall decrease in the occurrence to of our native catfish, the Brown Bullhead, within recently
reconnected river sections as the conversion from lentic to lotic habitat occurred. While large
scale restoration efforts have focused on recovering diadromous fish populations, there was an
unintended consequence of promoting the growth and spread of the White Catfish population.
Our assessment of annual mortality within the White Catfish population is high (64%;
Figure 2.8) which is consistent with other White Catfish populations (Sakaris et al. 2017) and
other populations of freshwater catfish (such as the black bullhead have exhibited a high relative
annual mortality (e.g., Ameiurus melas; Mork et al. 2009). There is no commercial harvest of
White Catfish in the Penobscot, and recreational harvest is likely also low as a result of the
Maine Department of Inland Fisheries and Wildlife consumption advisory (MDIFW 2022).
Our growth model for the population within the Penobscot River is similar to those
reported in northeastern coastal watersheds (Hughes and Carlson 1986; Jordan et al. 2004). Our
sample was dominated by the 5 and 6 age classes (Figure 2A. 4) and lacked a strong presence
from younger age classes, hence the use of back-calculated ages. Growth has been assessed for
White Catfish spanning across the United States (California, Alabama, Atlantic Coastal states) in
various environments including rivers, ponds, and lakes, reservoirs (Hughes and Carlson 1986).
White Catfish have shown to reach larger sizes (>400 mm) at early ages (3 years) when
inhabiting pond environments (Elrod 1971), but within riverine and lake environments exhibit
slower growth, reaching >400 mm at >6 years of age. These reports are consistent with our
findings (Table 3). Although fish may exhibit increased somatic growth during the initial
establishment of populations (Graebner et al. 2012), our growth metrics do not indicate a pattern
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of increased growth. This suggests that this species has been established, but not detected, due to
previously low abundances and lack of upstream access.
While some researchers have hypothesized that brackish nonnative catfish may have
expanded their range by entering the ocean (Nepal and Fabrizio 2019), our findings do not
support such a hypothesis for White Catfish in the Penobscot River. Our analysis of otolith
chemistry revealed patterns of strontium change likely associated with seasonal temperature
change and growth (Elsdon and Gillanders 2002) rather than movements in and out of elevated
salinities (Figure 2.7C). We hypothesized that we might observe increased [Sr] during winter
periods as these fish are thought to over winter in brackish water due to increased foraging
opportunity (Heard 1975). Seasonal movements in and out of brackish water may be anticipated
when older (larger) fish have a greater ability to tolerate higher salinities (Kendall and Schwarts
1968; Nepal and Fabrizio 2019). However during periods of slow growth in the winter, we
observe a decrease in [Sr]. Though this approach does not negate the possibility of colonization
through volitional coastal movements, it is congruent with a different conclusion. In addition,
there are significant gaps in the spatial distribution of White Catfish between northern Atlantic
coastal watersheds, further suggesting human mediated vectors rather than the volitional
movement through the marine environment into the northern watersheds (USGS NAS 2022).
Our qualitative assessment of the Sr/Ba ratios do reveal an increase during later years
(3+) of growth (Figure 2.7E). It is unlikely that this pattern indicates movement into increased
salinity, but rather is likely associated with sexual maturation and gamete production, resulting in
a lower Ba concentration (Hughes and Carlson 1986). Diet may also be influencing the chemical
signature as chemical content within prey items can be incorporated into otolith formation
(Doubleday et al. 2013). One study found through analysis of stomach contents of White Catfish;
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Alewife were the second most frequently observed prey item in coastal Maryland rivers (Aguilar
et al. 2017). Peaks of Ba within the core of the otolith may be explained by the process of
maternal transmission as this pattern is often observed in benthic-spawning fishes where Ba is
enriched within the yolks (Thorrold et al. 2006). Transgenerational transmission of Ba from
female fish to their offspring has been well documented using Ba isotopes (Thorrold et al. 2006).
Although introduction vectors for White Catfish in the Penobscot River remain unclear,
we provide qualitative evidence that these fish did not exploit this watershed via the marine
environment. This is consistent with the initial report of the species found in commercial bait
tanks, suggests human-induced introduction is the most likely vector into the watershed. It is
clear the PRRP benefited both migratory fishes as well as White Catfish, demonstrated by their
increase in abundance as well as spatial distribution. We do not contend that this restoration
caused the introduction, rather that increased connectivity facilitated expansion. Though the
Milford Dam is a significant barrier to upstream access, we have shown that these fish have
already successfully passed upriver of the Milford Dam and will likely continue to expand
further upriver influencing ecology of the upper Penobscot River as they become established.
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APPENDIX A: SUPPLEMENTAL ASSEMBLAGE SURVEY INFORMATION
Table 1A. 1 Mean MPUE (kg/km) estimates for all species encountered for each main stem river
sampling strata grouped by sampling period. Mean MPUE estimates are bolded and standard
error estimates included.
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Table 1A. 2 Mean CPUE (n/km) estimates for all species encountered for each main stem river
sampling strata grouped by sampling period. Mean CPUE estimates are bolded and standard
error estimates included.
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Table 1A. 3 Percent occurrence for each species grouped by river strata and sampling period.
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Figure 1A. 1 Linear relationship of site length(m) regressed against time(s) for each
electrofishing surveu grouped by sampling period (pre: 2010-2012, post: 2014-2016, ext: 20192021).
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Figure 1A. 2 Percent occurrence of total fish biomass surveyed grouped by alosines, American
eel, invasive resident, native resident, and other anadromous.

Figure 1A. 3 Percent occurrence of the total catch (n) grouped by alosines, American eel,
invasive resident, native resident, and other anadromous
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APPENDIX B: SUPPLEMENTAL WHITE CATIFISH INFORMATION

Figure 2A. 1 Spaghetti plot for all individual White Catfish growth trajectories using back
calculated lengths at age.
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Figure 2A. 1 Total length (mm) distribution for all White Catfish collected from trotlines, boat
electrofishing, and from Milford Dam fish lift. Size range and mean lengths are displayed for
each sampling method along with the respective sample size (n)

Figure 2A. 2 Total White Catfish (black) and Brown Bullhead (gray) accounted for at the
Milford Dam fish lift for each year that the lift has been in operation.
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Figure 2A. 3 White Catfish total counts at the Milford Dam fish lift from 2014-2021 grouped by
the water temperature in which they were captured.

Figure 2A. 4 Age distribution for White Catfish within our total sample ranging from two to ten
years old. Age classes are grouped by collection method (Milford Dam or riverine Surveys)
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